Acute myeloid leukemia (AML) is a lethal malignant disease. Although the induction remission rate of AML has been significantly improved, relapse still remains a major hurdle for successful AML chemotherapy.^[@bib1]^ Leukemia stem cells (LSCs), first described by Lapidot *et al.*,^[@bib2]^ are characterized by their ability to self-renew, unlimited repopulating potential and long residence in a quiescent state of G0/G1 phase. They also express high levels of resistant-related proteins, for example, MDR1 for their multidrug-resistant characters.^[@bib3]^ Therefore, LSCs are thought to have a central role in the relapse and refractory of AML. Consequently, new therapeutic strategies directly targeting LSCs are proposed to be critical for the ultimate curing of AML.

LSCs are usually present in small numbers, thus relatively difficult to isolate and characterize. On the other hand, some cancer cell lines are found to have cancer stem cell characteristics and therefore provide valuable tools for *in vitro* and *in vivo* studies of LSCs. KG1a is a cell line derived from a male AML patient and has LSC characteristics. KG1a cells do not spontaneously differentiate into granulocytes and macrophage-like cells and do not respond to colony-stimulating factors.^[@bib4]^ Remarkably, even after several years in culture, many KG1a cells are still CD34+CD38−which characterizes LSCs.^[@bib5]^

Environment-mediated drug resistance is a transient state whereby LSCs are under protection through signals from the niche, leading to selections of secondary genetic changes with growth of cells acquiring pharmacologic resistance.^[@bib6]^ Thus, targeting microenvironment supporting the LSCs may improve the therapeutic outcomes of AML. Previous study^[@bib7]^ showed that the progression of leukemia in a rat model is associated with marked expansion of hypoxia, indicating the close relationship between the hypoxic microenvironment and the stemness of LSCs. Indeed, hypoxia-inducible factor-1 *α* (HIF-1*α*), which mediates the cellular response to hypoxia,^[@bib8]^ is upregulated in leukemia patients with poor clinical outcome.^[@bib9]^ Suppressing the expression of HIF-1*α* using shRNAs or small molecules in human AML LSCs, on the other hands, abrogated the colony-forming units (CFU),^[@bib10]^ indicating the possibility of targeting HIF-1*α* to eliminate LSCs. Mechanistically, HIF-1*α* regulates chemokine receptor 4 (CXCR4)^[@bib11]^ and CXCL12,^[@bib12]^ both of which are essential for adhesion, migration and homing of cells. Thus, it is suggested that HIF-1*α* facilitates recruitment, retention and survival of LSCs in a hypoxic BM microenvironment.

LSCs can also be targeted by modulating intrinsic factors. LSCs usually reside in a quiescent state, resulting in the diminished efficacy of chemotherapeutic agents targeting cycling cells.^[@bib6]^ It has been demonstrated that oxidative stress inhibits self-renewal of LSCs.^[@bib6]^ However, oxidation-inducing agents often trigger expression of some anti-apoptotic factors. Thus, agents simultaneously inducing oxidative stress and downregulating anti-apoptotic factors should target cancer cells more effectively. Transcription factor NF-E2-related factor 2 (Nrf2) has a vital role in activating an antioxidant response that decreases reactive-oxygen species (ROS), detoxifies harmful chemicals and ultimately protects cells from cellular damage.^[@bib13]^ Downregulation of Nrf2 has been shown to potentially benefit cancer stem cells.^[@bib14]^ Therefore, Nrf2 may be a promising target for elimination of LSCs.

Triptolide (TPL), a diterpenoid triepoxide, was first isolated from the medicinal plant *Tripterygium wilfordii* Hook F (TWHF), and was structurally characterized in 1972 ([Figure 1](#fig1){ref-type="fig"}).^[@bib15]^ Recently, TPL has also been shown to have strong anticancer effects both *in vitro*^[@bib16]^ and *in vivo*.^[@bib17]^ However, the clinical applications of triptolide are limited by its narrow therapeutic window and severe toxicity on the digestive, reproductive, urogenital and blood circulatory systems.^[@bib15]^ Yet, it has been reported that a relatively low dosage of TPL enhances the cytotoxicity of some cytokines and conventional anticancer drugs indicating that TPL might be a promising chemotherapy sensitizer.^[@bib18],\ [@bib19],\ [@bib20]^ Our previous study demonstrates that TPL enhances drug-sensitivity of resistant leukemia cell lines *in vitro*.^[@bib21]^ Because LSC is responsible for drug resistance in conventional chemotherapy, we hypothesized that TPL may help eliminate LSCs. It has been reported that TPL has the potential of depleting quiescent CD34+ primitive CML progenitor cells,^[@bib22]^ and that normal CD34+ hemopoietic stem cells are less sensitive to TPL than AML blasts,^[@bib22]^ suggesting the specificity of TPL in targeting LSCs.

Idarubicin (4-demethoxydaunorubicin, IDA) is an effective drug for the early management of adult AML,^[@bib23]^ particularly in patients expressing high level of MDR1,^[@bib24]^ due to its ability to overcome P-glycoprotein-mediated multiple drug resistance *in vitro*.^[@bib25]^ In this study, we examined the combinational effect of TPL and IDA on KG1a leukemia stem-like cells. We also investigated the effect of IDA-TPL combination therapy on both intrinsic (oxidative stress and Nrf2) and extrinsic (hypoxia and HIF-1*α*) components.

Results
=======

Collection of leukemia stem-like cells by flow cytometry sorting
----------------------------------------------------------------

CD34+CD38− cells in KG-1*α* cell culture were previous found to have the characteristics of stem cells.^[@bib5]^ Thus, fluorescence-activated cell sorting (FACS) analysis was used to sort CD34+CD38− cells from KG1a cell lines. As shown in [Figure 2a](#fig2){ref-type="fig"}, after sorting, 98.15±1.64% of the cells were CD34+CD38−, and 82.4±3.82% of these cells were in the G0/G1 phase ([Figure 2b](#fig2){ref-type="fig"}).

Enhancing effect of TPL on the cytotoxicity of IDA to leukemia stem-like cells
------------------------------------------------------------------------------

Cytotoxic effect of IDA or TPL to LSC-like cells was first determined by methyl thiazole tetrazolium bromide (MTT) assay. TPL is highly cytotoxic to these cells with IC~20~ of 5.0±0.81 nM and IC~50~ of 20.48±1.6 nM after 72 h exposure. LSC-like cells were also exposed to a series of concentrations of IDA with or without TPL (IC~20~ 5.0 nM). As shown in [Table 1](#tbl1){ref-type="table"} and [Figure 3b](#fig3){ref-type="fig"}, TPL significantly enhanced cytotoxicity of IDA (IC~50-IDA~: 285.20±13.7 nM *versus* IC~50-IDA+TPL~: 27.01±0.73 nM, *P*=0.000). Combination index was also analyzed and being presented in [Figure 3c](#fig3){ref-type="fig"}. The combination index indicates synergistic effect between IDA and TPL over a wide range of concentrations (IC~50~--IC~90~). The strongest synergistic effect on LSC-like cells was detected at the lower doses of these two drugs in combination.

TPL enhanced anticancer agent IDA-induced apoptosis in LSC-like cells
---------------------------------------------------------------------

To further determine the combination effect of TPL and IDA, LSC-like cells were exposed to IDA (27 nM) with or without TPL (5 nM) for 24 h. The apoptotic cells were analyzed by PI/Annexin V staining in flow cytometric analysis ([Figure 3d](#fig3){ref-type="fig"}; [Table 2](#tbl2){ref-type="table"}). Treatment using both IDA and TPL significantly increased the percentages of apoptotic cells compared with the treatment with IDA alone (24.85±1.70% *versus* 76.87±8.34%, *P*=0.000).

TPL enhances the effects of IDA to inhibit colony-forming ability of LSC-like cells
-----------------------------------------------------------------------------------

Colony-forming assays were performed to explore whether TPL in combination with IDA could affect the clonogenicity of LSC-like cells. Cells were exposed to TPL (IC~20~: 5.0 nM) with or without IDA (27.0 nM) for 24 h and then cultured in complete methylcellulose medium with recombinant cytokines for 14 days. TPL or IDA alone could reduce the colony number by slowing down the growth of the surviving cells, which causes the cell numbers in some colonies not to reach the counting threshold (40 cells). As shown in [Figures 3f and g](#fig3){ref-type="fig"}, TPL in combination with IDA drastically reduced the colonies formed by the LSC-like cells compared with TPL alone, IDA alone and the negative control (-VE: 2097.3±106.07/well; TPL: 1387.7±40.05/well; IDA: 1252±46.87/well; TPL+IDA: 211±93.18/well, *P*=0.000).

TPL in combination with IDA triggers ROS activation
---------------------------------------------------

High ROS activity induces DNA, RNA and protein damages and leads to apoptosis in cancer cells. It has been reported that anticancer agent could induce ROS activity in cancer cells.^[@bib18]^ To explore the role of ROS in TPL- and/or IDA-induced apoptosis, ROS levels were detected using H~2~DCFDA after LSC-like cells being treated with different concentrations of TPL or IDA for 24 h. As shown in [Figure 4](#fig4){ref-type="fig"}, ROS activation was dosage-dependent when IDA was combined with a constant concentration of TPL (IC~20~: 5 nM). The highest activity of intracellular ROS appeared in IDA 200 nM+TPL5 nM group. However, ROS activity was reduced in cells treated by higher concentrations of drugs possibly caused by cell death.

TPL in combination with IDA downregulates the Nrf2 pathway in LSC-like cells
----------------------------------------------------------------------------

Nrf2 is a transcription factor that activates antioxidant response and reduces ROS.^[@bib13]^ Decrease of Nrf2 might enhance the cytotoxicity of drugs to cancer cells. A previous study has demonstrated that downregulation of Nrf2 could partially reverse chemo-resistance.^[@bib26]^ To explore whether enhanced cytotoxicity caused by IDA and TPL combination therapy is due to the decrease in the Nrf2 expression level, Nrf2 expression was analyzed by western blotting and RT-PCR after LSC-like cells were exposed to IDA at 27 nM plus TPL at 5 nM for 24 h ([Figure 5a](#fig5){ref-type="fig"}). From [Figure 5a](#fig5){ref-type="fig"}, it was evident that in the presence of both IDA and TPL, the expression of Nrf2 was significantly reduced. Moreover, we also studied the effect of IDA+TPL on the expression levels of NQO1, GSR and HO-1, which are downstream of Nrf2, and found that their expression levels were reduced dramatically in the presence of IDA+TPL ([Figure 5a](#fig5){ref-type="fig"}). In addition, IDA+TPL significantly reduced Nrf2 protein levels ([Figure 5c](#fig5){ref-type="fig"}).

Combined use of TPL and other anticancer agents decreased HIF-1*α* expression in LSC-like cells
-----------------------------------------------------------------------------------------------

Previous studies demonstrated that microenvironment where LSCs reside is vital for the survival of LSCs and thus disconnect the interactions between LSCs and their microenvironment might be a feasible way to eliminate LSCs.^[@bib6]^ Important factors affecting microenvironment include the receptor of chemokine SDF-1 (CXCR4), the adhesion molecule VLA-4 and the tumor angiogenic transcription factor HIF-1*α*. Inhibition of these factors might force LSCs to leave the niches and thus leading to the apoptosis of LSCs. We thus examined expression of CXCR4, VLA-4 and HIF-1*α* in LSC-like cells exposed to the indicated drugs (IDA 27 nM plus TPL 5 nM) for 24 h. TPL+IDA treatment again drastically reduced HIF-1*α* expression at both the mRNA and protein levels ([Figures 5b and c](#fig5){ref-type="fig"}). Decrease of HIF-1*α* was confirmed by downregulation of its downstream target genes such as BNIP3, vascular endothelial growth factor (VEGF) and carbonic anhydrase IX (CAIX) ([Figure 5b](#fig5){ref-type="fig"}). Similar to HIF-1*α*, TPL+IDA treatment also caused decrease of CXCR4 and VLA-4 at the protein level. These results thus demonstrate that TPL and IDA synergistically induced apoptosis of LSC-like cells via both intrinsic and extrinsic mechanisms.

Discussion
==========

In recent years, cumulating evidence demonstrates that TPL possesses anticancer properties by its marvelous anti-proliferative activity and induction of apoptosis in a variety of cancer types *in vitro* and *in vivo*.^[@bib16],\ [@bib18],\ [@bib19],\ [@bib20]^ However, use of TPL alone for cancer is limited by its non-specific toxicity and low therapeutic index.^[@bib15]^ Nevertheless, numerous studies have reported the potential of using TPL to reverse chemo-resistance in some leukemia cell lines.^[@bib16],\ [@bib27],\ [@bib28]^ Our previous study has also demonstrated the ability of TPL to enhance the drug-sensitivity in resistant myeloid leukemia cell lines.^[@bib21]^ LSCs have already been demonstrated to be closely related to chemo-resistance.^[@bib6]^ Thus, we are interested to know whether TPL could enhance the ability of conventional antileukemia drugs to eliminate LSCs. However, it is not feasible to isolate LSCs from fresh bone marrow. Therefore, we used stem-like cells isolated from KG1a cell lines to perform our experiments. Our previous study has demonstrated the superiority of IDA compared with doxorubicin (DNR) in AML patients with high expression of MDR1,^[@bib24]^ indicating that IDA might be superior to DNR in elimination of LSCs.

In this study, we demonstrated that low concentrations of TPL can enhance IDA-induced apoptosis in leukemia stem-like cells through modulating both intrinsic and extrinsic components ([Figure 6](#fig6){ref-type="fig"}). TPL was highly toxic to LSC-like cells in a dosage-dependent manner ([Figure 3a](#fig3){ref-type="fig"}). Elimination of LSC-like cells required the treatment of IDA at a relatively high concentration (IC~50~: 285.20±13.7 nm). However, low concentration of TPL (IC~20~: 5 nM) significantly enhanced the cytotoxicity of IDA in LSC-like cells by 10-fold ([Table 1](#tbl1){ref-type="table"}; [Figure 3b](#fig3){ref-type="fig"}). Moreover, CI isobologram analysis showed that TPL and IDA had synergistic effect when fraction affected was below 90% ([Figure 3c](#fig3){ref-type="fig"}). Our results also indicate that TPL enhanced IDA-induced apoptosis in LSC-like cells ([Table 2](#tbl2){ref-type="table"}; [Figure 3d](#fig3){ref-type="fig"}). In comparison with IDA alone treated cells, after 24 h exposure to IDA and TPL, the apoptotic cell population was significantly increased in leukemia stem-like cells (24.85±1.70% *versus* 76.87±8.34%, *P*=0.000). Moreover, as shown in [Figure 3f](#fig3){ref-type="fig"}, clonogenicity of leukemia stem-like cells was also inhibited by TPL+IDA treatment.

We further investigated the mechanism of the cytotoxicity of TPL in LSC-like cells. Abnormal hypoxic microenvironment influences the survival of LSCs, whereas HIF-1*α* mediates the cellular response to hypoxia.^[@bib6]^ HIF-1*α* can induce the expression of multiple target genes such as VEGF^[@bib29]^ (an important angiogenesis factor), CXCR4^[@bib30]^ (an important factor regulating cell migration), adenovirus E1B 19-kDa-interacting protein 3 (BNIP3)^[@bib31]^ (a pro-cell death member of the Bcl-2 family) and CAIX^[@bib31]^ (a marker for hypoxia). Thus, HIF-1*α* can activate downstream pathways involved in proliferation, metabolism, differentiation and angiogenesis,^[@bib32],\ [@bib33]^ which likely account for the ability of HIF-1*α* to keep leukemic blasts at undifferentiated stages and therefore maintain a larger number of LSCs in the bone marrow.^[@bib34]^ It has been shown that silencing HIF-1*α* in Jurkat cells significantly decreased their migration and infiltration capacity.^[@bib35]^ In this study, TPL combined with IDA reduced both protein and mRNA levels of HIF-1 *α* in LSC-like cells ([Figures 5b and c](#fig5){ref-type="fig"}). In addition, the expression levels of HIF-1 *α* downstream genes, such as BNIP3, VEGF and CAIX, were also reduced ([Figure 5b](#fig5){ref-type="fig"}). The downregulation of VLA-4 and CXCR4 by TPL+IDA were also observed at the protein level ([Figure 5c](#fig5){ref-type="fig"}). CXCR4 is an important chemokines for cell adhesion and expression of VLA-4 to keep LSCs in the niche.^[@bib36]^ Previous study shows a neutralizing VLA-4 antibody, in conjunction with cytarabine, prevented the development of AML in a xenograftmodel, supporting the role of VLA-4 in the sensitivity of AML cells to chemotherapy,^[@bib37]^ whereas targeting CXCR4 with small-molecule pharmacologic inhibitors has been shown to be efficacious in preclinical models of AML.^[@bib38]^ Taken these data together, TPL in combination with IDA could significantly influence the extrinsic components, for example, HIF-1*α* and its adhesion molecules and chemokines, for example, CXCR4 and VLA-4.

Intrinsic components are also vital factors that affect the survival of LSCs.^[@bib6]^ ROS is involved in essentially every stage of cancer development.^[@bib39]^ Although cancer cells always possess higher levels of ROS than normal cells,^[@bib39]^ LSCs contain relatively lower levels of ROS than non-stem cancer cells.^[@bib40]^ Thus, many anticancer agents, for example, Niclosmide,^[@bib41]^ Parthenolide^[@bib42]^ kill LSCs partially through activation of ROS. In our study, ROS elevation induced by TPL and IDA was also observed in a concentration-dependent manner ([Figure 4](#fig4){ref-type="fig"}).

Agents that induce oxidative stress alone might not be efficient enough to eliminate LSCs, as the induction of protective factors. Nrf2, induced by ROS, is a transcription factor that has a vital role in activating an antioxidant response, which decreases the ROS level, detoxifies harmful chemicals and eventually protects against cellular damage.^[@bib43]^ It is known that high basal nuclear levels of Nrf2 in leukemia cells could reduce their sensitivity to proteasome inhibitors.^[@bib44]^ Moreover, stabilization of Nrf2 might contribute to the induction of cancer stem cells.^[@bib14]^ Thus, Nrf2 might be a potent target for elimination of LSCs. We found that TPL alone or in combination with IDA reduced mRNA and protein levels of Nrf2 in LSC-like cells ([Figures 5a and c](#fig5){ref-type="fig"}) as well as downstream genes of Nrf2 such as NAD(P)H, NQO1, GSR and HO-1.^[@bib13]^ These target genes of Nrf2 can form a network of reactions, resulting in protection against oxidative insults and enhancing cell survival.^[@bib13]^ Downregulation of Nrf2 and its target genes therefore might overcome adaptive Nrf2 protection for LSC-like cells, leading to cell apoptosis.

In conclusion, our data clearly demonstrate that a relatively low concentration of TPL in combination with IDA-induced apoptosis of LSC-like cells by affecting both extrinsic and intrinsic factors. TPL and IDA downregulated extrinsic factors HIF-1*α*, CXCR4 and VLA-4 as well as intrinsic components, for example, increase of the ROS level and decrease of Nrf2 ([Figure 6](#fig6){ref-type="fig"}). The ability of combination of TPL and IDA to eliminate LSC-like cells *in vitro* provides a basis for using them in treating relapse and refractory leukemia patients.

Materials and Methods
=====================

Chemicals and reagents
----------------------

Triptolide (MW: 360.40, Sigma, Dorset, UK) was dissolved in DMSO as a 100 *μ*M stock solution and freshly diluted in culture medium before use. Idarubicin (Pfizer Japan Inc., Tokyo, Japan) was dissolved in phosphate-buffered saline (PBS) as a 1 mM stock solution at −20 °C.

Cell culture and sorting
------------------------

The human AML cell line KG1a was maintained in suspension culture with Iscove\'s Modified Dulbecco\'s medium (IMDM, Gibco BRL, Rockville, MD, USA) medium supplemented with 10% fetal bovine serum (FBS; Gibco-BRL) at 37 °C in a water-saturated atmosphere with 5% CO~2~. CD34+CD38− leukemia stem-like cells were enriched by indirectly labeling with CD34-FITC, CD38-PE and anti-FITC Microbeads according to the manufacturer\'s instructions (Becton Dickinson Biosciences, Oxford, UK). During the sorting procedure, cells were kept at 4 °C. Briefly, cell suspensions were centrifuged at 300 × *g* for 10 min and washed in PBS buffer. Then, cell pellets were resuspended in PBS buffer containing 0.5% bovine serum albumin (BSA), CD34-FITC and CD38-PE antibodies were added, and the cells were incubated for 30 min. After washing, cell pellets were resuspended in buffer with anti-FITC microbeads, and the cells were incubated for 15 min. After washing, CD34-positive and CD38-negative cells were depleted by FACS analysis (FACS Caliber; Becton Dickinson Biosciences).

Immunophenotype
---------------

The cell surface immunophenotype of CD34+CD38− leukemia stem-like cells sorted by KG1a cell line was characterized with a series of murine monoclonal antibodies (CD38-FITC, CD34+FITC, BD Biosciences). Binding of antibodies was assessed by flow cytometry (Becton Dickinson, FACS 440).

Cell cycle analysis
-------------------

DNA content in CD34+CD38− cells was determined by flow cytometry analysis. 1 × 10^6^ cells were harvested and washed with PBS, resuspended and fixed by slow addition of 2 ml 100% ice-cold methanol on mixer and stored at −20 °C until analysis. Following fixation, the cells were washed with cold PBS, then stained with propidium iodide (PI, KeyGen Biotech, Nanjing, China) in sodium citrate (1 mg/ml; KeyGen Biotech) containing 100 *μ*g/ml RNase A (KeyGen Biotech), 20 *μ*g/ml PI and 0.1% Triton X-100 (KeyGen Biotech) for 30 min at 37 °C temperature. PI fluorescence was analyzed by FACS analysis (FACS Caliber; Becton Dickinson Biosciences). Cell cycle distributions were calculated with Cell Quest (BD Biosciences) software.

MTT assay
---------

Cytotoxicity of TPL and IDA was determined in sorted leukemia stem-like cells using the MTT assay. Cells were dispensed in 96-well tissue culture plates (Costar, Cambridge, MA, USA; 1 × 10^5^ per well) in TPL, IDA or TPL+IDA containing medium for 72 h at escalating concentrations in the presence or absence of each drug, under the condition of 37 °C in humidified 5% CO~2~. MTT (5 mg/ml) in PBS was added to each well and the plate was incubated for 4 h. Formazan crystals were dissolved in 200 *μ*l DMSO and the optical density (OD) of wells was measured after 15′ with a Multisckan MCC340 microplate reader (Labsystem, Helsinki, Finland) at 490 nm. All experiments were in triplicate. The IC~50~ (the half maximal inhibitory concentration) was determined by Software (Biosoft, Cambridge, UK) following the viability results, the cytotoxicity combination index (CI%) was calculated by the equation (1−OD ~treated\ well~/OD ~untreated\ well~) × 100%.

Flow cytometric analysis of apoptosis
-------------------------------------

Apoptotic status was also assessed using an Annexin V staining kit (IQ products) following the manufacturer\'s instruction. Briefly, after exposure to TPL, IDA or TPL+IDA containing medium for 24 h in the six-well plates (1 × 10^6^ per well), cells were harvested, washed with PBS twice and resuspended in 500 *μ*l-binding buffer containing both 5 *μ*l Annexin V-FITC and PI (Sigma-Aldrich, St. Louis, MO, USA), and were incubated for 30 min at 4 °C in the dark. The contents in 10 000 cells from each sample binding of FITC-conjugated Annexin V and PI was then measured by FACS analysis using FACS Caliber (Becton Dickinson Biosciences) and the data were analyzed using Cell Quest (BD Biosciences) software.

Colony-forming assay
--------------------

The colony-forming assay was performed as described previously.^[@bib45]^ Leukemia stem-like cells were collected from six-well plates (Costar), which were cultured in TPL, IDA or TPL+IDA containing medium for 24 h (1 × 10^6^ per well). Then 1 × 10^4^ CD34+CD38− cells were plated for colony formation assay for 14 days in complete methylcellulose medium with recombinant cytokines (MethoCult GF+H4434; Stem Cell Technology, Vancouver, BC, Canada). CFU in culture (CFU-C) were performed in triplicate and were subsequently scored with an inverted microscope (Olympus, Tokyo, Japan). Colonies were defined as clusters consisting of 40 or more cells.

Intracellular ROS measurement
-----------------------------

The intracellular ROS levels were determined by 2′,7′-dichlorodihydrofluorescein diacetate (H~2~DCFDA) probe (Invitrogen, Paisley, UK) as described previously. Briefly, the leukemia stem-like cells (1 × 10^6^ per well) were cultured in six-well plate with the treatments of TPL, IDA or TPL+IDA containing medium at escalating concentrations for 24 h. Rosup were used (1 *μ*l in 50 mg/ml, 24 h) as a positive control for ROS production. The cells were harvested and washed in PBS buffer twice, incubated in 1 ml of serum-free IMDM medium (Hyclone, Beijing, China) containing 10 *μ*M of H~2~DCFDA for 30 min at 37 °C. The cells were harvested, washed in serum-free IMDM medium buffer twice to remove the remaining H~2~DCFDA. After that, the fluorescence in the supernatant was measured at excitation 490 nm and emission 520 nm using FACS analysis (FACS Caliber; Becton Dickinson Biosciences). The data were presented as fluorescent units/1 × 10^4^ cells.

Western blot analysis
---------------------

The cytoplasmic protein (50 *μ*g/lane) from each sample was dissolved in 10% SDS-polyacrylamide gel electrophoresis (PAGE), transferred to a polyvinylidene fluoride (PVDF) membrane (Millipore, Billerica, MA, USA) and blotted with the various antibodies. Non-specific binding was avoided by blocking the PVDF membrane with 5% skimmed milk in TBS-T for 1 h. The 5% skimmed milk in TBS-T was also used to dilute primary (HIF-1*α*, rabbit polyclonal, 1 : 1000, MP; CXCR4, rabbit polyclonal 1 : 1000, MP; Nrf2, rabbit polyclonal, 1 : 1000, CST) and HRP-conjugated monoclonal secondary (1 : 5000; Amersham Pharmacia Biotech, Buckinghamshire, UK) antibodies. The membranes were incubated with the primary antibodies overnight at 4 °C and in the secondary antibody for 1 h at room temperature. The quantity of protein loaded was verified by staining the same membranes with GAPDH antibody (1 : 2000, Sigma-Aldrich, Dorset, UK). The signals were detected on X-ray films using an enhanced chemiluminescence (ECL) western blotting detection kit (Amersham Pharmacia Biotech).

Quantitative real-time PCR
--------------------------

Cells were lysed with the Trizol reagent and total RNA was isolated with chloroform and isopropyl alcohol. One microgram RNA was subjected to reverse transcription with the RT reagent kit (TaKaRa, Dalian, China) according to the manufacturer\'s instructions. Then the cDNA was amplified by real-time PCR with the SYBR Prime Script RT-PCR kit (Takara) with the following primers (synthesized by Takara): *β*-actin, 5′-TGACGGGGTCACCCACACTGTGCCCATCTA-3′ (forward), 5′-CTAGAAGCATTGCGGTCGACGATGGAGGG-3′ (reverse); HIF-1*α*, 5′-CTCAAAGTCGGACAGCCTCA-3′ (forward), 5′-CCCTGCAGTAGGTTTCTGCT-3′ (reverse); CAIX,5′-CTTGGAAGAAATCGCTGAGG-3′ (forward), 5′-TGGAAGTAGCGGCTGAAGTC-3′ (reverse); BNIP3, 5′-TGCTGCTCTCTCATTTGCTG-3′ (forward), 5′-GACTCCAGTTCTTCATCAAAAGGT-3′ (reverse); VEGF, 5′-CTACCTCCACCATGCCAAGT-3′ (forward), 5′-CCACTTCGTGATGATTCTGC-3′ (reverse). HO-1, 5′-TTGCCAGTGCCACCAAGTTC-3′ (forward); 5′-TCAGCAGCTCCTGCAACTCC-3′ (reverse). GSR, 5′-CCTGATCGCCACAGGTGGTA-3′ (forward); 5′-CTGCCATCTCCACAGCAATGTAA-3′ (reverse); NQO1, 5′-GTGGCAGTGGCTCCATGTACTC-3′ (forward); 5′-GAGTGTGCCCAATGCTATATGTCAG-3′ (reverse); Nrf2, 5′-TGGGCCCATTGATGTTTCTG-3′ (forward); 5′-TGCCACACTGGGACTTGTGTTTA-3′ (reverse). The alteration of mRNA expression in cells treated with or without triptolide was assessed by the 2^−ΔΔ^ Ct method.

Statistical analysis
--------------------

SPSS 13.0 Student\'s *t*-test and one way analysis of variance (ANOVA) followed by the Tukey\'s Multiple Comparison test were used to calculate the differences between the results. Data were expressed as mean±S.D., and all the *P*-values were given for two-sided tests and *P*≤0.05 was considered as significantly changes.
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![Structure of triptolide](cddis2013467f1){#fig1}

![Leukemia stem-like cells were sorted from KG1a cell line. (**a**) Phenotypes of sorted cells were analyzed using flow cytometry. Before sorting, the CD34+CD38− KG1a cells were 53.24±2.11%. After sorting, the percentage of CD34+CD38− cells is 98.15±1.64%. (**b**) Cell cycle parameters in the sorted cells were analyzed with G0/G1 cells being 82.4±3.82%. Figures represent three independent experiments](cddis2013467f2){#fig2}

![TPL enhances cytotoxicity of IDA to leukemia stem-like cells. (**a**) Leukemia stem-like cells were exposed to indicated concentrations of TPL for 72 h and then the viability was determined by MTT assay. (**b**) Cytotoxicity of IDA was determined after exposure to indicated concentrations of IDA with or without TPL (IC~20~, 5 nM). (**c**) Synergy was determined by combination index (CI) analysis and expressed as CI *versus* fraction affected. (**d**) Leukemia stem-like cells were exposed to different treatments (IDA: 27 nM, TPL: 5 nM) with apoptotic ratio detected using flow cytometry. (**e**) Histogram of apoptotic ratio in leukemia stem-like cells. (**f**) Colonies were formed from leukemia stem-like cells being exposed to IDA (27 nM) with or without TPL (5 nM) for 24 h. (**g**) The colony-forming units grown by leukemia stem-like cells were counted (40 or more cells per unit) per well. All treated groups have decreased colony units with the largest scale of decrease occurring in combined group. TPL, triptolide; IDA, idarubicin; values are expressed as mean±S.D. of three independent experiments](cddis2013467f3){#fig3}

![TPL in combination with IDA generates ROS in leukemia stem-like cells. Leukemia stem-like cells were incubated with indicated concentrations of IDA with or without TPL (5 nM) for 24 h. The DCF fluorescence was detected as described in Methods. TPL intensively synergized IDA in inducing ROS activity in leukemia stem-like cells in a concentration-dependent manner. TPL, triptolide; IDA, idarubicin; values are expressed as mean±S.D. of three independent experiments.](cddis2013467f4){#fig4}

![TPL in combination of IDA decreases the expression of Nrf2, HIF-1*α* and its downstream genes. (**a**) Nrf2 and its downstream genes were assessed using RT-PCR after leukemia stem-like cells being exposed to indicated drugs (IDA, 27 nM plus TPL, 5 nM) for 24 h. RT-PCR result showed that the expression of Nrf2 and NQO1, GSR and HO-1 genes decreased in single-drug-treated groups while the largest scale of decrease occurred in leukemia stem-like cells exposed to IDA plus TPL. (**b**) HIF-1*α* and its downstream genes were assessed using RT-PCR after leukemia stem-like cells being exposed to indicated drugs (IDA, 27 nM plus TPL, 5 nM) for 24 h. RT-PCR result shows that the expression of HIF-1*α* and BNIP3, VEGF and CAIX genes decreased in single-drug-treated groups while the largest scale of decrease occurred in leukemia stem-like cells exposed to IDA plus TPL. (**c**) Western blotting analysis of the expression of Nrf2, HIF-1*α*, CXCR4 and VLA-4 in the leukemia stem-like cells treated as indicated. Nrf2, HIF-1*α*, CXCR4 and VLA-4 were assessed using western blotting analysis after leukemia stem-like cells being exposed to indicated drugs (IDA, 27 nM plus TPL, 5 nM) for 24 h. The expression of Nrf2, HIF-1*α*, CXCR4 and VLA-4 decreased in treated groups especially in cells treated by IDA+TPL group. GAPDH was used as a loading control. This figure represents three independent experiments. TPL: triptolide; IDA: idarubicin; values are expressed as mean±S.D. of three independent experiments](cddis2013467f5){#fig5}

![Mechanism of TPL-induced apoptosis in leukemia stem-like cells. A relatively low concentration of TPL in combination with IDA could induce apoptosis of leukemia stem-like cells *in vitro* through influence of extrinsic components, for example, downregulation of HIF-1*α*, CXCR4 and VLA-4 as well as intrinsic components, for example, increase of ROS level and decrease of Nrf2](cddis2013467f6){#fig6}

###### TPL enhances the cytotoxicity of IDA to leukemia stem and progenitor cells *in vitro*

  Treatment   IC~50~ (nM)   Enhancing fold   *P*
  ----------- ------------- ---------------- -------
  IDA         285.20±13.7                     
  TPL+IDA     27.01±0.73    10.56            0.000

Abbreviations: TPL, triptolide; IDA, idarubicin.

Leukemia stem and progenitor cells were exposed to IDA with or without TPL (IC~20~, 5 nM) for 72 h with cytotoxicity being assessed using MTT assay. Values are expressed as mean±S.D. of three independent experiments

###### TPL enhances the apoptosis induced by IDA in leukemia stem and progenitor cells *in vitro*

  -VE          TPL          IDA           IDA+TPL             *P*
  ------------ ------------ ------------- ------------------- -------
  5.63±0.67%   9.11±0.33%   24.85±1.70%   76.87±8.34%^\*\#^   0.000

Abbreviations: TPL, triptolide; IDA, idarubicin.

Leukemia stem and progenitor cells were exposed to different treatment for 24 h (IDA: 27 nM, TPL: 5 nM). The apoptotic ratios were detected using flow cytometry. \**versus* --VE, *P*=0.000 ^\#^*versus* IDA, *P*=0.000. Values are expressed as mean ±S.D. of three independent experiments

[^1]: These authors contributed equally to this work.
